Gibb's free energies due to hole transitions between the C level of Si:V and the valence band have been determined for eleven different temperatures within the range 190 KрTр270 K on the basis of simultaneous measurements of corresponding thermal hole capture coefficients and emission rates. Zero-phonon binding energies have been determined from the low-energy part of photoionization cross-section spectra at five different temperatures within the range 75 KрTр170 K. The temperature dependence of these binding energies can be described by a Varshni-type analytical formula with a zero-temperature level position of E v ϩ0.361 eV ͑Ϯ0.003 eV͒. The associated ratio of the temperature-induced change of this level position with respect to the one of the band-gap energy is about 0.80 ͑Ϯ0.10͒. The inherent correlation between electrical and optical level position parameters was used to calculate the temperature dependence of the zero-phonon binding energy, J p
I. INTRODUCTION
A reasonable understanding of electrical and optical properties of transition metals in silicon is of considerable interest in view of their wide use in semiconductor electronics. In spite of this interest, it is fair to say that current knowledge about electronic properties of several transition metals is still rather limited. This applies, in particular, to vanadiumrelated centers in silicon.
During recent years, vanadium-doped silicon has been the subject of a series of experimental as well as theoretical studies ͑see, in particular, Ohta et al., 1 Tilly et al. 2 and references therein͒. Though differences in published data are observed, particularly with regard to level positions, it is generally agreed 1,2 that vanadium in silicon gives rise to an acceptor level ͑A level͒ and a donor level ͑B level͒ in the upper half of the band gap as well as a donor level ͑C level͒ in the lower half of the band gap. 1 A detailed study of electrical properties in combination with low-temperature measurements of the associated photoionization cross sections 2 provided level positions of about E c Ϫ0.21 eV for the A level, E c Ϫ0.48 eV for the B level, and E v ϩ0.36 eV for the C level. The consistency of the latter value has recently been confirmed 3 by a detailed theoretical study of the measured photoionization cross-section spectrum of holes, p ͑h, 77 K͒, ͑Fig. 11 in Ref. 2͒ which resulted in a zero-phonon binding energy of J p ͑77 K͒ϭ0.356 eV within an uncertainty of about Ϯ0.005 eV.
Optical p (h,T) data of the C level which would allow the determination of the temperature dependence of the zerophonon binding energy, J p (T), are to the best of our knowledge not available from literature. One important goal of this paper has therefore been to present photoionization crosssection spectra for five different temperatures within the range 75 KрTр170 K and, using these data, to determine the corresponding T dependence of the zero-phonon binding energy, J p (T). It is shown in Sec. III B that this temperature dependence can be described by a Varshni-type analytical formula. 4, 5 By connecting optical level positions with Gibb's free energies derived directly ͑i.e., without any intermediate exponential regression procedures 2, 6 ͒ from ratios of thermal hole emission rates and capture coefficients, we were further able to determine all parameters necessary for a numerical analysis of the temperature dependence of the zero-phonon binding energy, J p (T), Gibb's free energy, G p (T), and the associated enthalpy, H p (T), over an unusually large temperature range ͑0рTр300 K͒. Furthermore, the extension of our photoionization cross-section measurements to rather low photon energies made it possible to present a reliable estimation of the lattice adjustment energy 7, 8 ͑ϭFranck-Condon shift 9 ͒ for the vanadium-related C level in silicon. This energy is shown to be a factor of about 3 smaller than the one suggested by Ohta and Sakata 10 on the basis of a numerical analysis of their thermal capture and emission data.
Investigations of the kind presented in this paper are considered as an important complement to high-resolution optical spectroscopy studies such as Fourier-transform infrared spectroscopy which, in general, do not provide comprehensive and consistent sets of important thermodynamical entities such as Gibb's free energies, enthalpies, and entropies. In addition, the analytical procedures suggested in this paper offer the possibility to measure zero-phonon binding energies and Franck-Condon shifts for defects with an accuracy of a few meV without preparing samples exhibiting sharp line spectra together with phonon replicas. We have chosen the C level in Si:V as an example to demonstrate the power of these analysis procedures.
II. EXPERIMENTAL DETAILS
The samples used in this study were vanadium-doped n ϩ p silicon diodes with a free hole concentration of about 10 15 cm
Ϫ3
. The diodes were prepared without metallization using a localized oxidation of silicon technology. The n ϩ region was prepared by arsenic implantation followed by an annealing at 1100°C for 2h. Vanadium ͑ 51 V ͒ ions with an energy of 300 keV and a dose of 10 13 cm Ϫ2 were implanted onto the front side of the wafer. The implanted ions were driven into the p-type region by heating the samples to 1100°C for 30 min. The vanadium centers were electrically activated by rapid thermal annealing at 1250°C for 30 s in a nitrogen ambient resulting in a concentration of 10 14 cm
vanadium-related centers. The thermal emission rates were obtained by deep level transient spectroscopy ͑DLTS͒ ͑Ref. 11͒ at high temperatures and from exponential regressions of single-shot capacitance transients at low temperatures. Since the time constants of corresponding hole capture transients were, depending on the temperature, in the range 50 to 500 s they could not be registered directly by a regular capacitance meter ͑Boonton 72B͒. The standard procedure in this case is to determine indirect hole capture capacitance transients by measuring, depending on the temperature, peak amplitudes in DLTS ͑Ref. 11͒ and amplitudes at tϭ0 of emission transients in single-shot capacitance spectroscopy 12 for filling pulses of consecutive increasing length. This combination of various techniques enabled us to measure the emission and capture rates over a fairly large temperature region.
Capture transients are often nonexponential due to the influence of free-carrier tails in the space-charge region. We have fitted our hole capture transients to a theoretical expression taking into account such effects. 13 However, by using a large reverse bias ͑in our case 8 V͒ after the filling pulse, the influence of nonexponential effects on capture transients was found to be small.
The optical data were collected by photocapacitance spectroscopy. 12 The experiments were performed using a 0.5-m grating monochromator from Acton Research with an energy resolution of about 1 meV. The setup was fully computerized. To avoid disturbances from strong absorption lines due to, e.g., water, the complete experimental setup including the globar house, monochromator, and optical collimating system was evacuated.
III. EXPERIMENTAL RESULTS AND ANALYTICAL TREATMENTS

A. Emission rates and capture coefficients
Hole emission rates, e p (T), and associated capture coefficients, c p (T), were measured at eleven different temperatures between 190 and 270 K ͑see Table I and Figs. 1 and 2͒. According to semiconductor statistics, [14] [15] [16] [17] [18] hole emission rates, e p (T), are connected with hole capture coefficients, c p (T), by a relationship of the form
͑1͒
Here, G p (T) represents the Gibb's free energy due to hole transitions from a given defect and N v (T)ϭN v ͑300 K͒͑T/ 300 K͒ 3/2 is the effective density of states in the valence band which in the case of silicon is numerically given by N v ͑300 K͒ϭ1.02ϫ10 19 cm Ϫ3 . Gibb's free energy, G p (T), in Eq. ͑1͒ can be expressed in terms of the measured quantities e p (T) and c p (T) as
͑2͒
It is evident from Eq. ͑2͒ that the quantities e p (T) and c p (T) should be measured at the same temperature in order to exclude additional inaccuracies induced by experimental regressions usually performed on such sets of data. 2, 6 Measured values of the ratio e p (T)/"c p (T)N v (T)… are given in the fourth column of Table I and plotted in Fig. 3 . Resulting Gibb's free energies are presented in the last column of Table I ͑cf. Fig. 6͒ .
B. Photoionization cross sections
Photoionization cross-section spectra, p (h,T), due to hole excitation from the C level into the valence band have been measured at five different temperatures. Experimental results for photon energies hр0.5 eV are presented in Fig.  4 . The spectra show a pronounced thermal broadening ͑acti-vation͒ in the low-energy tail region which is believed to be due to optical-absorption processes assisted by multiphonon ͑MP͒ emission and absorption. A detailed theoretical analysis and interpretation of such spectra is rather complicated in the case of hole excitation from deep levels in silicon due to the valence-band degeneracy and particularly in view of the onset of the split-off band at a distance of only 40 meV from the valence-band edge. On the other hand, it has been demonstrated previously 3,18-21 that it is nevertheless possible to deduce basic information from thermally broadened photoionization cross-section spectra ͑like those presented in The essence of this procedure of estimating zero-phonon binding energies is based on the observation that thermally broadened (h,T) curves are described by a photon energy dependence exp(h/2k B T) in the vicinity of the zero-phonon binding energy. Equivalently, we can state that a transformed curve of the form 3,18-21
tends to have a maximum at a position h () (T) which should only be a few k B T higher 3, 18 than the corresponding zero-phonon binding energy, J(T). A detailed study of the actual peak position of p (h,T) curves in the case of repulsive centers 3 has shown that the energy distance of h p () (T) with respect to J p (T) is approximately 3 given by
͑4͒
This relation is valid within the usual regime of a nonvanishing component of allowed transitions which dominates at least in the immediate vicinity of the electronic absorption edge. Here, R p ϩ1 ͑Ϸ15 meV for a donor level in a ϩ1 charge state in silicon͒ represents the Rydberg energy characterizing the strength of a repulsive barrier which has to be tunneled by a hole during excitation into the light-hole band. A closer inspection of the transformed p (h,T) curves in Fig. 5 Table I͒ for the C level in Si:V. The continuous curve represents the results of a numerical fitting of this ratio on the basis of Eqs. ͑5͒ and ͑10͒ with appropriately chosen parameters ␣ p , g n /g p , and J p (0) ͑cf. subsection III A͒. An approximate fitting of this curve by Fig. 6͒ is equal to the calculated enthalpy value of H p ͑240 K͒ϭ378 meV using Eq. ͑16͒.
of Table II . These values are indicated by vertical bars in Fig. 5 and filled circles in Fig. 6 .
C. Correlation of thermal and optical results
Theoretical analyses of MP-assisted photoionization cross-section spectra as well as of nonradiative multiphonon ͑NMP͒ capture and emission rates are usually based on the assumption 3, 7, 18, 21, 23, 24, [29] [30] [31] [32] [33] [34] [35] that the phonon energies of the relevant vibrational modes remain unchanged during the change of the charge state ͑carrier excitation͒. Given this assumption, Eq. ͑1͒ can be rewritten as 7, 31, 35 
where g n and g p are the statistical weights ͑degeneracy factors͒ of the trap level in the charge state ''full'' ͑trapped electron͒ and ''empty'' ͑trapped hole͒, respectively. Hence, by comparing Eqs. ͑2͒ and ͑5͒ it is evident that the Gibb's free energy, G p (T), is connected with the associated zerophonon binding energy, J p (T), by the relation
where [16] [17] [18] S p
represents the electronic entropy part. Hence, the difference between G p (T) and J p (T) should be proportional to T. At the same time, it is obvious from Fig. 6 that the T dependence of J p (T) is nonlinear ͑nearly quadratic͒, at least within the studied temperature interval between 75 and 170 K. Such a nonlinear behavior is not surprising in view of the fact that by definition 19, 35, 36 the sum of the complementary zerophonon binding energies, J n (T) and J p (T), must be equal to the width of the energy-band gap, E cv (T),
The T dependence of E cv (T) can be approximated by Varshni's formula 4 ,5
where ␣ cv ϭ4.730ϫ10
, ␤ϭ636 K, and E cv (0)ϭ1.170 eV for Si. 5 At least one of the two complementary functions J n (T) or J p (T) should exhibit a pronounced nonlinear ͑quadratic͒ T dependence at TӶ␤. For an approximate analytical description of this T dependence, a Varshni-type ansatz is again used ͑in analogy with Refs. 3, 18, 19͒,
Here, the relative shrinkage ratio ␣ p /␣ cv can be expected to be in the range between 0 and 1. Within this analytical approximation ͓Eq. ͑10͔͒, the associated Gibb's free energy ͓Eq. ͑6͔͒ is explicitly given by an expression of the form
Inspecting the analytical expressions of zero-phonon binding energies, J p (T), and Gibb's free energies, G p (T), it is realized that one is concerned with a total set of only three ͑center-specific͒ parameters, which may easily be determined by simultaneously fitting the sets of calculated G p (T) values ͑listed in Table I͒ and estimated J p (T) values ͑listed in Table  II͒ . The resulting parameters are ͑i͒ an absolute shrinkage coefficient value of ␣ p ϭ3.67ϫ10 Ϫ4 eV K Ϫ1 corresponding to a relative shrinkage ratio ␣ p /␣ cv of about 0.78 ͑Ϯ0.10͒ between the energy-level position and the energy-band gap, ͑ii͒ an electronic entropy part of S p e ϭ1.37ϫ10 Ϫ4 eV K Ϫ1 ͑ϭ1.6k B ͒ corresponding to a degeneracy ratio of g n /g p ϭ4.9, and ͑iii͒ a zero-temperature level position J p (0)ϭ0.361 eV ͑Ϯ0.003 eV͒.
The numerical fitting of the three basic parameters ␣ p , S p e , and J p (0) enables one to determine the T dependence of the associated enthalpy, H p (T), and the total entropy, S p (T). The latter is generally defined as 
which can, according to Eqs. ͑6͒ and ͑12͒, also be written in the form
The latter reduces according to Eqs. ͑10͒ and ͑13͒ to the analytical form
again in analogy with Ref. 5 . The corresponding H p (T) curve is presented in Fig. 6 . It is readily seen that H p (T) near the middle part of the temperature region, in which the experiments were performed, amounts to H p ͑240 K͒ϭ0.378 eV ͑indicated by a cross in Fig. 6͒ . This value corresponds to the effective ͑conventional͒ activation energy of the e p /(c p N v ) curve in Fig. 3 .
IV. DISCUSSION
One of the goals of this study was to collect very carefully thermal emission rates and capture coefficients for the C level of vanadium-related centers in silicon in the temperature range 190 KрTр270 K ͑cf. The origin of this difference between present and earlier enthalpy values is almost exclusively due to different experimental e p (T) and c p (T) data and not due to the unconventional and more elaborate character of the present analysis procedure ͑Sec. III͒. Fitting our thermal emission rates, e p (T) ͑cf. Table I͒ to an Arrhenius-type expression,
͑17͒
one obtains by using the same exponential regression procedure as in Ref. 2 a conventional activation energy of E p ↑ Х458 meV for the hole emission. This value is 11 meV higher than the 447 meV calculated from Fig. 9 
results in a conventional activation energy of E p ↓ Х80 meV for the hole capture. This value is 8 meV lower than the 88 meV calculated from Fig. 10 4, 5 By analyzing the temperature dependence of J p (T), a relative shrinkage ratio, ␣ p /␣ cv of about 0.8 is obtained, i.e., a large part of the total shrinkage of the energy-band gap, E cv (T)[ϭJ n (T)ϩJ p (T)], is absorbed by J p (T). This is a significant result in view of the relatively small value of J p (T) which is only about E cv /3. In this context, it should be mentioned that shallow donors use to be pinned to the conduction-band edge. Hence, the observed trend seems even to be valid for deeper donor levels.
A further qualitatively new result of the present paper is the explicit analytical connection ͑in subsection III C͒ of thermal measurements ͓G p (T) values from •T in the T→0 limit. This technique allowed us to determine the temperature dependence of the zero-phonon binding energy, J p (T), the Gibb's free energy, G p (T), and the enthalpy H p (T) ͑cf. Fig. 6͒ as well as the associated entropy S p (T) ͑Fig. 7͒ for a deep center over a relatively large temperature interval ͑i.e., between 0 K and room temperature͒.
The improved accuracy of present versus previous 2 data enabled us to perform a simultaneous fitting of present G p (T) data ͑Table I and empty circles in Fig. 6͒ and J p (T) data ͑Table II and filled circles in Fig. 6͒ , which made it possible to determine a unique set of parameters ␣ p , S p e , and J p ͑0͒ on the basis of Eqs. ͑10͒ and ͑11͒, respectively. The very good agreement between both of these series of experimental level position data and the resulting fit ͑cf. full curves in Fig. 6͒ may be taken as a strong indication for a high degree of adequacy and internal consistency of these data.
The determination of zero-phonon binding energies, J p (T), from T-dependent slopes of photoionization crosssection spectra was, similarly to the one in Ref. 3 , based on the assumption that the vanadium-related C level should be repulsive and singly charged for hole transitions between the C level and the valence band, i.e., it should have the character of a second donor level. 36 Since the possible alternative of a neutral center ͑corresponding to the model of a first donor level 36 ͒ has not definitively been excluded by earlier experimental studies, it might therefore be of interest to check whether or not this alternative can be ruled out on the basis of the present results.
It is realized that the determination of G p (T) from thermal measurements ͑Table I͒ is by definition completely independent of the actual charge state. In view of this obviously unreasonably large ratio, and also from more detailed analyses ͑see below͒, the tentative model of a first donor level can most probably be excluded.
The lattice adjustment energy A ͓ϭFranck-Condon shift ϵd F.-C. ͑Ref. 9͔͒ can approximately be determined by using a graphical method which has been suggested in Ref. 8 . This method is analogous to the one for estimations of zerophonon binding energies ͑cf. subsection III B͒. 3, 18, 19 It is based on the observation 8 that a characteristic h value, J(T) ϪA, exists at which thermally broadened (h,T) curves can be described by the photon energy dependence exp(h/k B T). Again, this is equivalent to the statement that a transformed curve of type
tends to have a peak at a position h p () (T), which is relatively close to the characteristic point J p (T)ϪA. 8 An analytical estimation of the energy difference ⌬ p () (T) in the case of repulsion can readily be performed analogous to the one for ⌬ p () (T) in Ref. 3 . For a nonvanishing component of allowed transitions, this leads to the analytical expression
͑20͒
It should be noted that the only difference between the analytical expressions of Eqs. ͑4͒ and ͑20͒ is the substitution of 2k B T by k B T. Figure 8 presents the p (h,T) transformations of the p (h,T) curves of Fig. 4 . Unfortunately, three of these curves do not extend to sufficiently low photon energies and are not accurate enough to clearly exhibit the expected peak behavior. However, at least the p (h) curves for Tϭ137. 6 Table II͒ , we obtain adjustment energies, A, of only about 0.036 or 0.037 eV ͑with a maximum uncertainty of Ϯ0.010 eV͒.
This rough graphical estimation can be confirmed by detailed numerical fittings on the basis of a convolution which is given by 3,18,21
Here, the factor p (h) is the electronic cross section due to the absorption of photons of energy hуJ p (T) by the electronic subsystem ͑in this case holes excited into the valence band͒. The second factor in the convolution integral is the thermally averaged Franck-Condon factor, 7, 18 which quantifies the probability that the remaining energy difference h Ϫh is compensated by the emission ͑hϪhу0͒ or absorption ͑hϪhр0͒ of phonons of the vibrational subsystem due to corresponding MP transitions. 7 In view of the fact that the valence band in silicon consists of a lighthole, a heavy-hole, and a split-off band the electronic part p (h) in Eq. ͑21͒ can, in general, be considered to be given by a linear combination ͓in analogy to Si:S ͑Ref. 41͒ and Si:Se ͑Ref. 42͔͒ of contributions p i (h), iϭ1, 2, and 3, representing hole excitations into the corresponding subbands. Due to the repulsive ͑ϩ1͒ charge of the center after hole excitation, the analytical form of these three compo- [30] [31] [32] [33] [34] [35] [36] 39 is of the order of 0.52 eV in the present case of hole capture into the C level of Si:V. This classical barrier height estimated on the basis of optical data is, however, 6-7 times larger than the effective NMP hole capture activation energy ͑of about E p ↓ Х0.08 eV͒ derived from the corresponding hole capture cross sections in Fig. 2 . Such simple considerations already show that there are obviously great difficulties in presenting a consistent quantummechanical interpretation of the optical and electrical properties of the C level.
In accordance with these simple considerations, a detailed theoretical analysis on the basis of a representative theory for NMP carrier capture and emission processes at deep traps in semiconductors ͑see e.g., Refs. 30-36͒ shows that a lattice adjustment energy of only 0.04-0.05 eV is much too small to explain the experimentally observed values of c p (T) ͑Fig. 2͒. Hence, in the case of the C level of Si:V we are actually concerned with a basic discrepancy between different theoretical interpretations of experimentally observed electrical and optical properties of a deep trap that is qualitatively of the same type as the one encountered in the more familiar case of the GaP:O center. Table I͒ on the basis of NMP transitions for vanishing phonon energy shifts, 35 these authors obtained a lattice adjustment energy, A, of about 0.12 eV and an effective phonon energy 7 of 0.017 eV. In order to check the consistency of their parameters 10 with our electrical data ͑Table I͒, we combined our c p (T) curve ͑Fig. 2͒ with its somewhat more extended counterpart of Ohta and Sakata ͑Fig. 10 of Ref. 10͒ and performed a different fit of these data on the basis of a similar analytical framework. 35 This fitting resulted in nearly the same parameter set for NMP transitions as in Ref. 10 , namely, a lattice adjustment energy of 0.12-0.13 eV ͓see Fig. 9͑b͔͒ and an effective phonon energy of 0.016-0.018 eV. The corresponding classical barrier height for NMP capture has actually been confirmed to be in the range 0.09 to 0.10 eV which is close to the effective activation energy obtained from Fig. 2 . Thus, in the case of the C level of Si:V we are indeed concerned with an unusually pronounced discrepancy between the relatively large value of 0.12-0.13 eV for the lattice adjustment energy derived from numerical fittings of electrical data and the considerably smaller value of 0.04-0.05 eV directly obtained from the shapes of the low-energy tails of the corresponding photoionization cross-section curves.
Concerning this discrepancy between lattice adjustment energy values extracted from electrical and optical data, respectively, it is interesting to assess an earlier estimation of this crucial parameter by Ohta et al. 1 on the basis of their hole photoionization cross-section data. The value which they obtained seemed to be in accordance with the relatively, large value of AϷ0.12-0.13 eV estimated from their electrical data ͓cf. Fig. 9͑b͒ with Fig. 9 in Ref. 1͔. A closer look on these earlier optical data ͑Fig. 7 in Ref. 1͒ shows, however, that they are all confined to a range of relatively high photon energies, i.e., hϾ0.43 eV, where MP broadening effects are much weaker than in the range 0.32-0.40 eV studied in this paper ͑cf. Figs. 4, 5, and 8͒. Moreover, our detailed numerical analyses of the optical data presented in Fig. 4 showed that the electronic part p (h) of the hole excitation cross section, p (h,T), has a rather complicated energy dependence which cannot be represented by a single-band model like the one proposed in Ref. 1, which was simply given by the product of a unique Sommerfeld factor ͑Coulomb factor͒ and a neutral part of conventional form 29 ͓corresponding exclusively to forbidden transitions; see Eqs. ͑6͒-͑9͒ in Ref. 1͔ .
In order to study the electronic part in more detail, we have considered larger regions of experimental hole crosssection data. For the lowest-temperature Tϭ75 K measurement points up to about 0.64 eV were included ͓see Fig.  10͑a͔͒ . The corresponding fitting ͑deconvolution͒ procedure of this enlarged set of experimental data on the basis of Eq. ͑21͒ gives the energy dependence of the electronic part over a fairly large interval. The spectral distribution of p (h) is shown logarithmically by the dashed curve in Fig. 10͑a͒ , and in linear representation by the dashed curve in Fig. 10͑b͒ . Examining the shape of the latter curve carefully, one distinguishes three characteristic sections for which the curvature is qualitatively different. For energies hϽ0.42 eV, for which the curve is governed by repulsive barriers, the curvature is relatively strong. A similar curvature is observed at higher energies, 0.50 eV ϽhϽ0.65 eV, at which the curve is approximately of exponential form. This is markedly different from the relatively weak curvature ͑almost linear dependence͒ in the intermediate energy region, 0.44 eV Ͻh Ͻ0.48 eV. The nearly discontinuous change of curvature becomes more obvious from the first derivative of the spectral distribution, d p (h)/d(h), as shown by the dashed curve in Fig. 10͑c͒ . A further interesting detail of this curve is a certain steplike structure in the immediate vicinity of 0.40 eV, which seems to be due to the threshold of a second excitation process.
Interestingly, the point of this first derivative curve at which the curvature changes from convex to concave behavior coincides almost with the expected position of the electronic absorption threshold, J p ͑77 K͒ϩ⌬ so ϭ0.396 eV, due to hole excitations into the split-off band. Comparing this result with possible alternative models like those in Refs. 41 and 42, we found that an adequate interpretation of the rather complicated energy dependence of the electronic absorption cross section p (h) can be given up to about 0.45 eV on the basis of allowed transitions into the light-hole band 3 ͓starting at J p ͑77 K͒ϭ0.356 eV͔ in conjunction with allowed transitions into the split-off band 3 ͓starting at J p ͑77 K͒ϩ⌬ so ϭ0.396 eV͔. These two allowed absorption band components have not been taken into account by Ohta et al. 1 due to the confinement of their experimental data to energies hϾ0.43 eV. We believe this is the reason for the different results obtained in this paper and in Ref. 1 .
It may also be worthwhile to point out that in the present case of Si:V no significant contribution of allowed hole transitions into the heavy-hole band was detected. This is in contrast to our results obtained with Si:S ͑Ref. 41͒ and Si:Se. 42 In these cases, the corresponding electronic absorption cross sections p (h) showed a rather simple ͑nearly linear͒ behavior over a relatively large energy interval at higher energies due to the strong contribution of hole transitions into the heavy-hole band.
This short discussion of some features in our detailed numerical analysis of optical data already shows that there are good reasons to believe that the present numerical results are more adequate than the ones suggested in Ref. 1 . Unfortunately, this also means that the significant discrepancy between the lattice adjustment energy values detected from different sets of optical and electrical data is still not removed.
Attempting to remove a similar discrepancy in the case of the GaP:O center ͑state 1͒, Henry and Lang 39 assumed a relatively strong shift ͑about 22%͒ of the relevant phonon frequencies in both alternative charge states. We have tested this hypothesis in the present case of the C level in Si:V. To this end, we performed alternative fittings of the electrical data taken from Table I and Fig. 10 of Ref. 10 , respectively, on the basis of the analytical framework for NMP transitions. 40, 44, 45 Using the same lattice adjustment energy, A p , for the charge state ''empty'' ͑after hole capture͒ as the one obtained from our numerical analyses of optical data ͓Fig. 9͑a͔͒, i.e., A p ϭ0.042 eV ͓in Fig. 9͑c͔͒ , an almost indistinguishable alternative fit of the total set of electrical data was obtained when using a lattice adjustment energy A n of only 0.019 eV in charge state ''full'' ͑after hole emission͒. As shown in Fig. 9͑c͒ , this particular set of parameters is actually able to reducing the classical vibrational barrier for NMP hole capture to a similar value ͑of about 0.09-0.10 eV͒ as for the conventional model 10 with a large A value without any phonon frequency shift ͓Fig. 9͑b͔͒. On the other hand, owing to the basic relationship ͑ n / p ) 2 ϭA n /A p ͑Ref. 44͒ which connects phonon frequencies with lattice adjustment energies in both alternative charge states, the relatively strong reduction of A n in comparison with A p would require a corresponding phonon frequency reduction of about 33%, i.e., an even larger phonon frequency shift than the one postulated by Henry and Lang 39 in the case of GaP:O. It is questionable as to whether or not such a large phonon frequency shift is physically realistic, especially for a trap in silicon for which lattice relaxation phenomena are considered to be significantly weaker than in other semiconductor materials. 9 Moreover, from presently available photoionization cross-section data ͑Fig. 4͒, there is no indication for such a large phonon frequency shift. Actually, we have analyzed these optical data ͑in analogy to Ref. 44͒ also in considerable detail on the basis of a generalized analytical framework 40 that, in principle, would allow the detection of phonon frequency shifts larger than about 10%. However, we have not found any indication of such a shift. Interestingly, this is again in analogy to the case of GaP:O where a similar numerical analysis 8, 40 of experimental hole ionization cross-section data 23, 24 has shown that the relevant lattice adjustment energies A n and A p are nearly the same in both charge states ͑in accordance with Refs. 23 and 24͒. In summary, from our detailed numerical analyses of the optical data for the presently studied case of the C level in Si:V ͑Fig. 4͒, it is concluded that the lattice adjustment energies A n and A p for both charge states range between 0.04 and 0.05 eV. Consequently, within the framework of the commonly considered picture ͑Fig. 9͒ of a single effective configuration coordinate, a phonon frequency shift considerably larger than 10% ͓cf. Fig. 9͑c͔͒ appears not to be plausible.
The existing discrepancy may, in principle, be removed by generalizing the existing theory of NMP transitions for cases for which frequency shifts of different modes may have different signs. Such a mechanism is, in principle, capable of reducing vibrational barriers significantly without requiring larger lattice adjustment energies. A possible further reduction of vibrational barriers at a fixed lattice adjustment energy can probably also be achieved by changing 46 the principal axes of oscillations in a corresponding multidimensional lattice oscillator coordinate space. Unfortunately, such generalizations seem to be rather difficult to be realized computationally. At present, no analytical framework is available which would enable such a quantitative analysis.
V. SUMMARY
In spite of numerous studies of deep levels in silicon, there is still only little quantitative information available on the actual temperature dependence of relevant level position parameters ͑i.e., zero-phonon binding energies and Gibb's free energies͒ and associated Franck-Condon shifts ͑lattice adjustment energies͒. The primary goal of the present paper was therefore to present an example of how such information is obtained from quantitative investigations. The present study of the C level in Si:V involved several new combinations of experimental measurements and theoretical analysis procedures. In view of their possible applications in forthcoming deep level studies, it may be useful to briefly summarize the characteristic methodological changes and differences in the present study.
͑i͒ Electrical measurements of thermal emission rates and capture coefficients were performed at the same temperatures. This made a direct numerical calculation of Gibb's free energies possible without any intermediate exponential regressions or other approximate linearization procedures.
͑ii͒ Carrier capture properties were quantified exclusively in terms of capture coefficients ͑of dimension cm 3 s
Ϫ1
͒ since these coefficients are primary data quantifying the capture properties of a deep trap. Moreover, they are directly related to the experimentally measured capture rates. In this way, one avoids the implication of carrier capture cross sections which are not directly measured.
͑iii͒ Optical measurements, comprising, in particular, the theoretically significant low-energy tail regions, were performed at several temperatures.
͑iv͒ Zero-phonon binding energies as well as an estimation of the associated Franck-Condon shift were determined by analyzing the temperature-dependent slopes and curvatures ͑thermal activation properties͒ of photoionization cross-section spectra tails.
͑v͒ Evidence was given for the nonlinear ͑nearly quadratic͒ temperature dependence of the zero-phonon binding energy. This dependence can be described approximately by a Varshni-type analytical expression.
͑vi͒ A simultaneous fitting and extension of the temperature dependence of Gibb's free energies and zero-phonon binding energies was performed on the basis of a unique set of parameters.
